Foodborne illnesses involving ready-to-eat vegetables are increasing. Lettuce is the third most consumed fresh vegetable in the United States with worth approximately $1.9 billion, making it the most valuable leafy crop. Previous reviews have described the survival of pathogenic bacteria such as E. coli O157:H7 and Salmonella on different ready-to-eat vegetables, but the colonisation of lettuce by Listeria has received limited attention. Listeria monocytogenes has high mortality compared to other foodborne pathogens such as Salmonella. This review summarises recent studies on the mechanisms of attachment and colonisation of Listeria on lettuce leaves. We discuss various factors that affect colonisation of lettuce by Listeria in terms of the number of bacteria that can be recovered after inoculation, the effect of washing, different radiation treatments and cultivation systems on the recovery of Listeria. We propose strategies that can be used to minimise the colonisation of lettuce by Listeria to enhance food safety.
Introduction
The rise in leafy green-related food poisoning outbreaks has brought about an increased enthusiasm for studying the behaviour of enteric pathogens on fresh produce (Yaron & Romling, 2014) . Stakeholders are trying to understand the causes for the increase in leafy green foodborne outbreaks and how they can be controlled. This can be seen in the recent formation and implementation of institutes and legislations such as the Fresh Produce Safety Australia/New Zealand and the United States, Food and Drug Administration Food Safety Modernisation Act (FSMA) Final Rule on Produce Safety (USA). Changing standards of hygiene, trends towards more fresh produce and growing sensitive sectors of the population are likely contributing factors to the increasing incidence of food safety concerns with fresh produce (Kearney, 2010) .
Listeria monocytogenes is a Gram-positive bacterium that has been involved in foodborne outbreaks and recalls involving lettuce. L. monocytogenes is a ubiquitous bacterium which can be found in different environments such as soil, plants, water and food processing environments. The ability of L. monocytogenes to thrive in a wide range of temperatures and to survive with or without oxygen aids its survival and ability to spread to other sources (NicAogain & O'Byrne, 2016) .
Lettuce contaminated with L. monocytogenes caused 19 people to get sick and left one person dead (CDC, 2016) . This outbreak occurred in 2015-2016 and was reported in nine different states in the United States. The source was linked to a processing facility in Springfield, Ohio (Centers for Disease Control and Prevention (CDC), 2016). The biggest salad producer in New Zealand recalled all its products in March 2017 due to a positive test for Listeria on the lettuce they produced (http://www.mpi.govt.nz/food-safety/ food-recalls/recalled-food-products/various-salad-leade rbrand-produce/). Apart from lettuce, other leafy greens and ready-to-eat vegetables have been associated with L. monocytogenes outbreaks and recalls (Oliveira et al., 2011) . The most deadly foodborne outbreak in the United States occurred in 2011 where four strains of L. monocytogenes associated with the outbreak were traced back to whole cantaloupes and packing equipment on Jensen Farms in Colorado (CDC, 2012) , resulting in 147 people infected with 33 deaths. The most recent Listeria outbreak (March 2018) in Australia was linked to rockmelon. It resulted in five deaths with several others getting infected (Australian Institute of Food Safety, 2018) . According to the FDA, there have been more than 40 recalls in leafy greens, fruits and vegetables products due to L. monocytogenes in the United States in the past 2 years (FDA, 2018) (Table 1) .
Lettuce (Lactuca sativa L.) is a widely consumed vegetable and is the 3rd most consumed vegetable in the United States, and they are mostly grown in California and Arizona (K r ıstkov a et al., 2008) . The value of lettuce production in the United States in 2015 was approximately $1.9 billion, making it the most valuable crop in the United States (USDA, 2016).
According to Mou (2009) , there are six main varieties of lettuce. These are crisphead, butterhead, romaine or cos, leaf or cutting lettuce, stem or stalk lettuce and Latin lettuce. Differences between the above named lettuces depend on the shape of the leaf, size, texture, head formation and stem type (Mou, 2009) .
Consumption of leafy green vegetables such as lettuce is popular as they are healthy and available throughout the year (Pollack, 2001) . Lettuce has various nutritional benefits. It contains vitamin C, iron, folate and fibre. It lowers cholesterol, and it is believed to prevent diabetes and reduce inflammation (Willcox et al., 2009) . Kim et al. (2016a) reported that crisphead or iceberg lettuce has the lowest nutritional value whereas butterhead and romaine lettuce were the highest in terms of their nutritional value among the lettuce types in the United States.
Consumption of leafy greens in the United States between 1973 and 2012 recorded 20003 illness and 1030 hospitalisations, making it the highest compared to illness associated with other food types (Herman et al., 2015) . As lettuce is mostly consumed raw without cooking, this exacerbates the food safety risk compared with vegetable products that are cooked. Sources of contamination include humans, animals, manure, compost and irrigation water (Jung et al., 2014) . After contamination of lettuce by L. monocytogenes, bacteria are able to attach to lettuce leaf surfaces, persist and colonise the lettuce. Several researchers have reported the inadequacy of washing using various chemicals to completely remove pathogens from the surfaces of leaves (Seo & Frank, 1999; Koseki et al., 2003; Luo et al., 2011) . Shirron et al. (2009) showed that after washing parsley leaves with sodium dichloroisocyanurate (a slow releasing chlorine product), enteric pathogens can still survive and grow on the surface.
Listeria monocytogenes can survive and persist on lettuce leaf surfaces in different conditions (Poimenidou et al., 2016) . Murphy et al. (2016) demonstrated that L. monocytogenes has the ability to thrive on the surface of lettuce leaves from peat growing media (a type of plant growth medium which consists of slowdecomposed vegetative matter) supplemented with contaminated food waste. Beuchat & Brackett (1990a) showed that L. monocytogenes is able to grow and multiply on lettuce stored in a modified atmosphere (3% O 2 and 97% N 2 ). The ability of many strains of L. monocytogenes to be able to withstand harsh food environments such as high salt concentration, low oxygen and high acidity has been reported (Poimenidou et al., 2016) . After L. monocytogenes was exposed to lactic acid at a pH of 3.5 for 6 h, significant variability in acid resistance was observed for strains sourced from different environments. L. monocytogenes cells on lettuce leaf surfaces for 5 days at 5°C were able to (Poimenidou et al., 2016) . This suggests that, under acidic stress, L. monocytogenes which colonise lettuce leaves for a longer period are more tolerant to acid stress as compared to colonisers over a shorter time period. This is suggestive of biofilms of bacteria developing resistance to environmental stress. L. monocytogenes can translocate to protective sites on the leaf over time to prevent acidic stress (Capozzi et al., 2009) . The ability of leaves to exude organic matter over time may also protect attached cells (Brandl et al., 2004) . This review gives a summary of recent studies about the mechanisms of attachment and colonisation of Listeria strains on lettuce leaves after inoculation, as well as their recovery rate. Due to the limited information on the colonisation of lettuce by Listeria, other leafy greens, as well as other pathogenic bacteria such as Shiga-toxin producing E. coli and Salmonella, were used as examples. We discuss the various factors that affect colonisation of lettuce by Listeria in terms of the number of bacteria that can be recovered after inoculation, the effect of different washing treatments, UV radiation and different cultivation systems such as hydroponic systems on the recovery rate. Finally, we propose strategies that can be used to minimise colonisation of lettuce by Listeria to enhance food safety.
Mechanisms of attachment and colonisation of Listeria strains on lettuce leaves after inoculation There are various routes where lettuce can be contaminated by L. monocytogenes (Fig. 1) . Possible sources of contamination are people who handle lettuce, contaminated irrigation water, packhouse surfaces, rotting vegetable matter, soil, animal or human faeces used as manure and wildlife moving into areas where lettuce is grown (Jiang et al., 2004) . The first step in fresh produce contamination is bacterial attachment (Cabedo et al., 1997) . Attachment is thought to occur in two stages; an initial reversible attachment stage and an irreversible attachment stage (Romantschuk, 1992) . Initial attachment is thought to be weak and unspecific. It primarily depends on the interactive forces such as hydrophobic and electrostatic forces between the bacterium and the leaf surface. Initial attachment is also thought to be reversible (Dunne, 2002) . A hydrophobic cuticle lines the surfaces of leafy green vegetables which serves as an attraction for hydrophobic bacteria (Patel & Sharma, 2010) . Cell surface charge and hydrophobicity of L. monocytogenes have been identified as important factors in attachment (Ukuku & Fett, 2002) . When Arabidopsis thaliana leaves were exposed to a suspension of 10 8 CFU mL À1 L.
monocytogenes for 5 min, 1.52 log CFU cm À2 to 2.17 log CFU cm À2 of Listeria were recovered. Recovery was done by homogenisation of the leaf and plating the homogenate on selective medium. The number of bacteria recovered after 30 s was similar to the number recovered after 5 min, indicating rapid attachment of L. monocytogenes to leaf surfaces (Milillo et al., 2008) .
In the second phase of binding, a strong irreversible attachment is thought to occur. This requires the use of physical or chemical energy to detach cells from a surface. Irreversible attachment involves bacterial cell surface appendages (Pratt & Kolter, 1998) . Flagellarmediated motility, type I pili, type IV pili and curli fimbriae have all been shown in different studies to confer irreversible attachment to surfaces such as lettuce (Pratt & Kolter, 1998; Berger et al., 2009) .
Bacterial properties, bacterial inoculum, exposure time, plant species and other external factors such as temperature all influence attachment. Temperature affects many genes in L. monocytogenes, resulting in changes to the bacterial cell surface and consequently cell attachment to surfaces (Gorski et al., 2003) . Attachment of L. monocytogenes to radish at temperatures between 10 and 37°C has been investigated. Attachment at 37°C was low at all exposure times tested and Gorski et al. (2003) suggested this was due to temperature regulation of physiological activities such as flagellar biosynthesis which is downregulated at 37°C. Li et al. (2002) showed that mild heat treatments affect attachment and colonisation of L. monocytogenes on lettuce leaves. When lettuce was stored at both 5 and 15°C, populations of L. monocytogenes on lettuce previously treated at 50°C were higher than lettuce treated at 20°C. Li et al. (2002) concluded that heat treatment helps the growth of L. monocytogenes during storage. The growth of L. monocytogenes on 9 cm 2 lettuce leaves was conducted at different temperatures (5, 10, 15, 20 and 25°C) . The shortest lag phase and the fastest growth rate were observed at 20°C (Koseki & Isobe, 2005b) . Although low temperatures reduce the growth of Listeria, its ability to grow and survive at refrigeration temperatures (0.5-9.3) has been reported (Walker et al., 1990) .
Outer membrane proteins and extracellular polysaccharides can have an influence on bacterial attachment and colonisation to plant surfaces (Romantschuk, 1992; Strom et al., 1993) . Bae et al. (2013) suggested that Listeria cellulose binding protein (LCP) plays an important role in the organism's attachment to a lettuce leaf surface. A mutant version lacking the LCP significantly lowered the attaching ability of Listeria to lettuce leaf surfaces. The percentage attachment by the wild-type strain (2.97% AE 0.37%) was significantly higher than that by the LCP mutant (0.3% AE 0.05%), (P < 0.001) after they were stored at 15°C for 7 days. These findings suggest that there is more research to do in the subject of how Listeria attaches to lettuce leaves. The effects of environmental stresses and bacterial attachment to specific sites on lettuce plants would be of interest as the mechanisms involved depend on many factors. The importance of each of the factors is still not clear. It is important to note that most studies have used artificial inoculation in the laboratory and this might be different from the conditions that exist in the field. More work needs to be done to help us fully understand the attachment and survival mechanisms of Listeria on lettuce leaves.
Factors that affect colonisation of lettuce by Listeria
Attachment is a prerequisite for colonisation. Without attachment, Listeria cannot colonise lettuce leaves. Most of the factors that affect attachment also contribute to colonisation. Colonisation is the ability of the bacteria to grow and survive on the leaf surface. Specific properties related to the bacteria, specific features of the leaf as well as environmental conditions are essential to the understanding of a successful colonisation by Listeria on a leaf surface.
Flagella, outer membrane proteins and extracellular polysaccharides may influence bacterial colonisation of a leaf. Depending on the produce surface, L. monocytogenes uses its dynamic flagella mechanisms to successfully attach and colonise different produce surfaces (Gorski et al., 2009 ). Flagellar motility is needed for L. monocytogenes to attach to fresh-cut radishes (Gorski et al., 2003) . Tan et al. (2016) showed that pectin and xyloglucan, which are major structural components of the cell wall, help Listeria to attach to plant surfaces.
Other factors that have been demonstrated to affect colonisation are leaf age, leaf topography and architecture and leaf surface microflora. Leaf surfaces are generally not an ideal environment for bacteria to obtain nutrients if compared to the nutrients they get from meat and milk related products (Mercier & Lindow, 2000; Lindow & Brandl, 2003) . Leaf age has been found to affect the growth of pathogens on leaf surfaces. The populations of E. coli O157:H7 inoculated on young lettuce leaves was higher than old lettuce leaves after 48 h at 28°C. From an initial inoculum of 4 log CFU mL À1 , approximately 6 log CFU g À1 was found on young lettuce leaves while about 5.5 log CFU g À1 was found on old leaves. It was observed that pathogenic bacteria had a higher growth in exudates of young leaves than in exudates of old leaves and suggested that high concentration of nitrogen and carbon in young leaves may account for their role in supporting pathogen growth (Brandl & Amundson, 2008 themselves from foreign bacteria. This is due to the immaturity of protective defence structures such as casparian strip (a thick cell wall composed of suberin) and plasma membranes in young plants. Bacteria can have an easy access to the plant leading to their transport to inner cell tissues like the xylem (Warriner et al., 2003) . This indicates that young lettuce leaves may have a greater risk of colonisation with pathogenic bacteria. Takeuchi et al. (2000) demonstrated that L. monocytogenes attach preferentially to the cut edge of lettuce, while Pseudomonas fluorescens showed greater attachment to the lettuce surface than the cut edge of lettuce. L. monocytogenes has a hydrophobic surface explaining the preferential attachment to the damaged lettuce tissues that lack a waxy cuticle (Mafu et al., 1991) . A study to investigate internalisation of L. monocytogenes in 20-day-old plants grown in a commercial potting mix was conducted by Shenoy et al. (2017) . They found on average 3.9 cells of L. monocytogenes per mm 3 of plant tissue. Using a fluorescent microscope, they observed L. monocytogenes being internalised in the xylem, cortex, pith and epidermis of lettuce tissues. The majority of L. monocytogenes was localised in the pith (17.3%), the innermost part of the stem (Shenoy et al., 2017) . This suggests that internalised bacteria can move to other tissues in the plant. Other authors have also reported the ability of human pathogenic bacteria such as E. coli and Salmonella to internalise within lettuce tissues (Gomes et al., 2009; Kroupitski et al., 2009) .
The persistence of a bacterium on plants depends on its response to stresses from the environment as well as its ability to make use of minerals from the plant as nutrient source (Brandl, 2006) . Biofilm formation can provide a shelter for the bacterium against non-conducive environments leading to a successful colonisation (Aruscavage et al., 2006) . Kroupitski et al. (2009) reported that light from a high-intensity bulb (100 lE m À2 s À1 ) can affect the colonisation of bacteria on iceberg lettuce There was a high localisation of Salmonella cells around stomatal cells and subsequent invasion into stomatal tissues when lettuce leaves were incubated with gfp-tagged Salmonella enterica in the presence of visible light. However, incubation in the dark led to poor attachment and poor stomatal colonisation (Kroupitski et al., 2009) . This is suggestive of pathogens being attracted to plant cells which can carry out photosynthesis. Penetration of pathogens through the roots, wounds or the stomata is one of the main routes through which they use to internalise plant tissues (Kroupitski et al., 2009) .
High relative humidity and very low oxygen conditions may also increase the risk of colonisation by pathogenic bacteria (Cantwell & Suslow, 2002) . Enhanced wettability of leaf veins is another factor which helps colonisation of leaves by epiphytic bacteria (Leben, 1988) . Warm incubation temperatures and the presence of free water on leaves favour bacterial growth in the presence of nutrients. During warm weather, these conditions are likely to occur in lettuce fields (Charles-Edwards et al., 1987) .
Effects of different cultivation systems
Lettuce can be grown in the traditional (conventional), organic or hydroponic systems. Chemical fertilisers and/or composts are used in the traditional system, organic systems only use composts while the hydroponic system uses nutrient solutions to aid plant growth. Environmental control is easier to achieve when plants are grown hydroponically (Chaves et al., 2000) . There are many potential sources of pathogenic bacteria contamination when fresh produce is grown traditionally or organically. These sources include soil, natural irrigation water, manure and farm animals. The lack of these sources might be a reason why hydroponically grown lettuce is less likely to be contaminated with pathogenic bacteria such as Listeria (Neto et al., 2012) .
Little research has been done on comparing counts of L. monocytogenes on conventionally, organically and hydroponically grown lettuce surfaces (Maffei et al., 2016) . It has, however, been reported that hydroponic systems do not allow the growth of L. monocytogenes as the number of L. monocytogenes on lettuce grown in a hydroponic system did not change after 9 days (Jablasone et al., 2005) . Carducci et al. (2015) reported the possibility of the spread of viral contamination of lettuce grown in a hydroponic system. This showed that contamination in one point of a hydroponic system can be transferred to other plants in the system. Thus, if Listeria contamination occurred it may be able to contaminate a whole hydroponic system. Several studies have compared other bacteria on lettuces grown in different growth systems finding different results. The average mesophilic aerobic bacteria count in 25 g of iceberg lettuce grown with traditional cultivation was 6.48 log CFU g À1 , 6.85 log CFU g À1 for organic cultivation and 4.35 log CFU g À1 in a hydroponic system (Neto et al., 2012) . Hydroponically grown lettuce had smaller mesophilic aerobic (2.16 log CFU g À1 ) and lactic acid (1.61 log CFU g À1 ) bacteria counts than conventionally grown lettuce (4.93 and 2.86 log CFU g À1 ) for mesophilic aerobic and lactic acid bacteria respectively (Lima et al., 2013) .
A greater adherence of Salmonella Enteritidis to lettuce grown in a hydroponic system was recorded compared with conventionally grown lettuce. From an initial inoculum concentration of 7 log CFU mL À1 , they reported a 5.2 log CFU g À1 attachment to hydroponically grown lettuce while there was a 4.6 log CFU g À1 attachment to lettuce grown in a conventional system (Lima et al., 2013) . Atomic force microscopy revealed that surfaces of hydroponically grown lettuce leaves are rougher (1211 nm) than the conventionally grown ones (293 nm) (Lima et al., 2013) . Hydroponically grown lettuce is more hydrophobic than the conventional grown lettuce. The free energy of interaction value for hydroponically grown lettuce was À15.43 mJ m À2 while that of the conventionally grown lettuce was 0.65 mJ m À2 . A negative free energy corresponds to a stronger adherence (Lima et al., 2013) .
Lettuce grown in a hydroponic system showed a greater colonisation by Salmonella typhimurium (5 log CFU g À1 ) compared with a soil system (2.37 log CFU g À1 ) however, E. coli O157:H7 was able to internalise in lettuce grown in soil but did not internalise when grown hydroponically (Franz et al., 2007) . When lettuce was washed with sterile distilled water, the mesophilic aerobic count reduced 0.93, 0.80 and 0.78 log CFU g À1 in a hydroponic, traditional and organic systems, respectively (Neto et al., 2012) . This may be due to the more stringently controlled environment found in a commercial hydroponic system. Consequently, in a commercial hydroponic growing operation, the interactions with other microorganisms and nutrients that can be found in an organic or traditional cultivation could be more limited. The microorganisms or nutrients common in the traditional or organic system may aid in the growth and survival of the whole microbial community.
These examples suggest that growing lettuce in a hydroponic system can reduce bacterial contamination as it is a controlled system. However, a source of contamination in the system can readily spread throughout the hydroponic system (Carducci et al., 2015) . Other reasons such as cost may be the reason why growing plants in a hydroponic system are less common.
Effects of different washing treatments
The practice of washing fresh produce with water has become part of our daily life. Washing with water reduces microbial load on fresh produce (KilonzoNthenge et al., 2006) . Richard & Cooper (1995) reported that the physical forces involved in washing has an effect on the number of microorganisms removed from the plant surface. The addition of chlorine to wash water has been shown to reduce the population of pathogens on raw vegetables and has proved to be the most cost-effective way of lowering microbial load on plant material (Adams et al., 1989) but total elimination of attached pathogens cannot be assured (Beuchat, 1998) . Many fresh produce industries use approximate chlorine concentrations of 20-200 ppm with pH values between 6.0 and 7.5 for 1-2 min to sanitise the water used in washing the produce to prevent cross-contamination (Beuchat, 1998) . Zhang & Faber (1996) observed that the reduction in L. monocytogenes on fresh-cut lettuce treated with 200 ppm chlorine pH (9.31) for 10 min at 22°C was 1.7 log CFU g À1 from a starting population of 9.3 log CFU g À1 . In vitro experiments by Brackett (1987) showed that the action of chlorine against L. monocytogenes occurs primarily during the first 30 s of exposure. Lettuce washed with sodium hypochlorite (70 ppm, (mg L À1 ), pH (6.40) for 2 min at 12.8°C resulted in more than 2 log reduction in the number of aerobic bacteria (Soriano et al., 2000) .
Several studies have also reported the inefficiency of chlorine as a sanitiser for fresh produce. The inefficiency of chlorine may be partly due to lack of optimised sanitising potential conditions for chlorine such as pH. Failure to adjust pH to effective sanitising levels will result in inefficiency in reducing microbial loads. Organic matter may also inhibit the efficiency of chlorine when used as a sanitiser. A chlorine concentration of 200 ppm with a pH of 6.5 could not remove L. monocytogenes on spinach surface after washing for 1 min at room temperature. At least 4.86 log CFU g À1 of L. monocytogenes remained on spinach surfaces after an initial inoculum of 6 log CFU g À1 (Ijabadeniyi et al., 2011) . Ryu & Beuchat (2005) reported that after a 10 min treatment with 10 ppm of chlorine pH (7.4) cell numbers of E. coli O157:H7 strain 43895-EPS planktonic cells grown at 22°C decreased from 8.9 to 4.3 log CFU mL À1 . Organic substances released from a lettuce plant after it has been cut can negatively affect the efficiency of chlorine as a sanitiser for fresh produce (Nou & Luo, 2010) . Baert et al. (2009) observed a 0.61 log CFU g À1 average reduction in numbers of L. monocytogenes inoculated on 4 cm 2 shredded iceberg lettuce when they were washed for 5 min with 200 mg L À1 sodium hypochlorite with a pH of 5.90-5.95. However, with the same conditions, there was no significant decline in L. monocytogenes numbers when they were washed with 20 mg L À1 sodium hypochlorite. Antimicrobial activity of chlorinated compounds such as sodium hypochlorite depends on the amount of free available chlorine that is exposed to microbial cells (Beuchat, 1998) . The amount of free available chlorine in 200 mg L À1 was found to be 112 mg L À1 whereas 20 mg L À1 contained 0.5 mg L À1 free available chlorine (Baert et al., 2009) . This explains the efficacy of a higher concentration of sodium hypochlorite (200 mg L À1 ) in reducing L. monocytogenes cells than a lower concentration of 20 mg L À1 . Chlorinated water is an effective strategy for controlling cross-contamination during processing if recommended free chlorine levels are maintained in the process water (Beuchat, 1998) .
Other washing techniques such as acetic acid have been used with water to wash fresh produce. Neto et al. (2012) tested the efficiency of acetic acid (1%) and sodium hypochlorite (150 mg L À1 ) as a sanitiser on lettuce. After washing lettuce for 15 min, sodium hypochlorite reduced aerobic bacterial counts from 6.48 log CFU g À1 to 5.38 log CFU g À1 for traditionally grown lettuce, 6.85-5.55 log CFU g À1 for organically grown lettuce and 4.35-3.53 log for hydroponically grown lettuce. Acetic acid caused a reduction of 4.88, 4.63 and 3.22 log CFU g À1 in traditional, organic and hydroponic systems respectively (Neto et al., 2012) . Chlorine dioxide gas (5 ppm) reduced L. monocytogenes on shredded lettuce by 5.9 log CFU g À1 after 5 min treatment at 21°C (Rodgers et al., 2004) .
Several studies have used ozone as a sanitiser for fresh produce (Beuchat, 1998; Kim et al., 1999) . Ozone (3 ppm) reduced L. monocytogenes on shredded lettuce by 6.0 log CFU g À1 after 5 min treatment at 21°C (Rodgers et al., 2004) . Washing of lettuce before cutting is more advisable than after cutting in terms of microbial reduction. This may be due to the exudate interfering with sanitisers (Nou & Luo, 2010) . There was only 1.1 log CFU mL À1 reduction in E. coli O157:H7 after fresh-cut romaine lettuce was washed in chlorine water whereas washing whole lettuce before cutting resulted in a reduction of 1.9 log CFU mL À1 (Nou & Luo, 2010) . During washing of fresh produce, the wash water to produce ratio can affect the efficacy of washing. The quality of water (in terms of total dissolved solutes) decreased from 520.0 to 719 mg L À1 as the amount of lettuce was changed from 2 to 18 kg (Luo, 2007) . Allende et al. (2008) reported that an initial E. coli concentration of 5.1 log CFU g À1 was able to contaminate uninoculated escarole through the wash water. However, a 3.2 log CFU g À1 was not able to be detected on the escarole (Allende et al., 2008) . This suggests that the amount of contamination from the produce can have an effect on water quality used for washing.
A combination of two different methods is sometimes more effective than just a single method (Parish et al., 2003) . A significant reduction of 3 log was recorded in the population of coliforms when an Ozone-Tsunami (20 mg L À1 Ozone pH (7.50) and 300 mg L À1 Tsunami pH (3.79) wash was used. Tsunami is a trade name which contains a mixture of acetic acid (30-60%), peroxyacetic acid (15.2%) and hydrogen peroxide (11.2%) (Beltran et al., 2005) . The inefficiency of traditional washing methods in the produce industry has been reported (Goodburn & Wallace, 2013) . Control strategies in washing of fresh produce in the industries are not sufficient to adequately protect public health. Additional research is needed to improve pathogen reduction during fresh produce processing.
Effects of different radiation treatments as alternative treatments for control
The average number of microbial reduction that can be achieved with chlorine washes on lettuce and other leafy greens is in the range of 1-2 log CFU g À1 (Koseki et al., 2004; Virto et al., 2005) . New control strategies for microbial reduction on fresh produce are being devised. Several studies on the use of ionising radiation to control pathogenic bacteria on fresh produce have been reported (Bidawid et al., 2000) . The use of ionising radiation at specific doses (up to 4 kGy) on lettuce has been approved by the FDA. The efficiency of the radiation treatment depends on the wavelength of the radiation, time of treatment, relative humidity and temperature. Higher doses of radiation results in greater microbial reduction, however, higher doses can adversely affect the quality of produce.
Treating L. monocytogenes on iceberg lettuce leaf with 0.1 kGy X-ray at 22°C resulted in a 1.6 log CFU cm À2 reduction. Increasing radiation dosage to 1.0 kGy X-ray at the same conditions reduced L. monocytogenes on by 4.1 log CFU cm À2 . A further increase to 2.0 kGy reduced L. monocytogenes on lettuce by more than 5 log CFU cm À2 (Mahmoud, 2010a) . Mahmoud (2010a) reported no significant effect in the colour of lettuce when a 2.0 kGy radiation was applied.
The population of psychrotrophic bacteria on lettuce leaves reduced from 4 log CFU g À1 to 2.1 log CFU g À1 after treatment with 0.1 kGy radiation (Mahmoud, 2010a) . In a similar study, 0.75 kGy Xray at 22°C with and 55-60% relative humidity reduced L. monocytogenes on tomato by 2.3 log CFU g À1 . Psychrotrophic bacteria counts on tomato surfaces were reduced from 4.7 to 3.0 log CFU g À1 after 0.1 kGy X-ray treatment (Mahmoud, 2010b) .
Control of microorganisms on fresh produce by treatment with UV radiation has also been reported in the literature (Adhikari et al., 2015) . UV is cheap to use, it maintains product quality and unlike chlorine, it leaves no chemical residues on produce surfaces. Factors that are important in the efficacy of UV treatment are the wavelength, time of exposure, temperature, distance of the UV light source from the produce and intensity (power) of the UV light source (Kim et al., 2013) . UV wavelengths between 200 and 280 nm have often been used in pathogen control on fresh produce (Bintsis et al., 2000) . When 25 g of lettuce contaminated with L. monocytogenes was exposed to 254 nm UV radiation (3.40 mW cm À2 ) at 4°C for 1 min, there was a 1.16 log CFU g À1 reduction in L. monocytogenes. A greater reduction of 2.12 log CFU g À1 was achieved at 25°C (Kim et al., 2013) . This indicates that temperature has an effect on the efficiency of UV treatments in fresh produce microbial contamination.
The closeness of the UV light source to fresh produce for microbial control has been studied. A 10 cm distance between the UV light and the sample was more effective than a 50 cm distance in reducing microbial load by >1 log CFU g À1 (Kim et al., 2013) . Increasing the distance between the UV light source and fresh produce will reduce the intensity of the light on the plant surface. Higher UV intensities have been reported as being more effective in reducing microbial populations on fresh produce (Kim et al., 2013) .
UV radiation treatment (11.9 kJ m À2 ) with equal inoculum concentration of L. monocytogenes on different vegetables at 23°C showed variable results. There were reductions in apple (1.6 log CFU g À1 ) and pear (1.7 log CFU g À1 ). However, cantaloupe and strawberry only had 1.0 log CFU g À1 reduction (Adhikari et al., 2015) . This indicates that surface roughness has an effect on UV treatment efficacy. Pear and apple have smooth surfaces unlike strawberry and cantaloupe with rough surfaces. Fruit surface properties such as roughness, hydrophobicity and the presence of trichomes, hair-like outgrowths from epidermis of plants, and naturally occurring crevices on fruits such as cantaloupe can reduce the effectiveness of microbial control mechanisms during treatment (Syamaladevi et al., 2013) . UV radiation has also been used in combination with other control methods to reduce bacterial populations on fresh produce. A UV dose of 8 kJ m À2 after coating broccoli samples with chitosan resulted in a 1 log CFU g À1 reduction in L. monocytogenes (Severino et al., 2014) . Gamage et al. (2016) reported that UV-C treatment induced extracts from broccoli which inhibited the growth of L. monocytogenes. Treatment of fresh-cut broccoli branchlets with 2.6 kJ m À2 reduced the amount of L. monocytogenes on broccoli after 18 h from an optical density of 0.65-0.5 whereas a high dosage of 5.2 kJ m À2 after 18 h reduced L. monocytogenes from an optical density of 0.65-0.4. This confirms that high dosages of UV-C treatment can be more effective than lower doses in reducing L. monocytogenes on fresh produce. Mild stress responses from plants such as exudates released after an exposure to stress may be important in devising control strategies for pathogenic bacteria on fresh produce. These studies show the potential importance of UV-C in controlling pathogenic bacteria on fresh produce during pre or post-harvest processing. Many fresh produce industries do not use UV and other radiation due to the cost, maintenance and lack of technical knowledge.
A summary of intervention steps, both chemical and irradiation, are given in Table 2 .
Strategies that can be used to minimise colonisation of lettuce by Listeria to enhance food safety
The control of Listeria on lettuce has become a challenge because of the inefficiency of current control methods as well as the expectation of consumers to purchase packaged lettuce with a long shelf life. The ability of Listeria to thrive and adapt to different environmental conditions also makes it difficult to control. It is impossible for a vegetable processing facility to test all individual products for microbial contamination due to lack of resources, time and labour and the destructive nature of current microbial test methods. Protocols for testing pathogenic contaminants are specific to different pathogens and expensive, therefore making large scale identification of pathogens unrealistic. Food regulatory agencies in some countries such as the United States have established statistically valid sampling regimes used for testing the safety of different fresh produce (National Advisory Committee on Microbiological Criteria for Foods, 1999). Another approach is testing for particular microorganisms that may serve as indicators of pathogen contamination such as E. coli which may be used as hygiene indicators. However, to the best of our knowledge, there has not been any report relating to fresh produce whether enteric indicator tests actually indicate the presence of L. monocytogenes. Additional research is needed to understand enteric indicator tests in fresh produce. The best control method is prevention of pathogen contamination by eliminating the source. Contamination from the soil, manure and activities of animals in the environment of lettuces grown in fields is hard to control. This is exacerbated by the weather with the likelihood of pathogen spread and growth on the lettuce leaves increasing in wet conditions. Animal activity in lettuce fields should be controlled and untreated animal manure should not be used. Workers in the field should strictly adhere to good hygienic practices. Irrigation water sources for lettuce cultivation should routinely be checked to make sure they are free from pathogenic microorganisms. Hydroponic systems are a more hygienic method of growing lettuce than field systems. A greater use of hydroponics and farmer education on hygienic growing systems would be beneficial to the industry. Processing equipment should be regularly controlled and checked. Controlling the sanitiser concentration, exposure time and pH is critical to optimising lettuce processing. Using more than one treatment system (combination treatments) may be more effective than a single treatment.
Some substances produced by plants can also serve as natural control measures for pathogenic bacteria. For example, carrots have been reported to inhibit proliferation of L. monocytogenes (Beuchat & Brackett, 1990b ). This is a more novel approach that has not been applied to routine lettuce processing.
Conclusion
An increase demand for lettuce will arguably lead to greater volumes of produce entering the processing chain, and therefore, the risk of food pathogen contamination in the future will be ever-present. Processes used in lettuce preparation such as cutting, shredding and washing can easily spread the source of contamination to various leaves. The current control steps such as washing and radiation treatments are able to reduce L. monocytogenes colonisation to some extent. However, these control steps cannot be effective at all times as both bacterial properties and condition of lettuce plants are important factors to consider. Reinforcement of good agricultural practices, good hygienic practices, good manufacturing practices and good storage practices is very essential in the control of L. monocytogenes on fresh lettuce.
